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Edited by Ulf-Ingo Flu¨ggeAbstract The transition metal Zn is essential for many physio-
logical processes in plants, yet at elevated concentrations this,
and the related non-essential metal Cd, can be toxic. Arabidopsis
thaliana HMA4, belonging to the Type P1B subfamily of P-type
ATPases, has recently been implicated in Zn nutrition, having a
role in root to shoot Zn translocation. Using Arabidopsis inser-
tional mutants, it is shown here that disruption of AtHMA4
function also results in increased sensitivity to elevated levels
of Cd and Zn, suggesting that AtHMA4 serves an important role
in metal detoxiﬁcation at higher metal concentrations. AtHMA4
and a truncated form lacking the last 457 amino acids both con-
fer Cd and Zn resistance to yeast but a mutant version of the
full-length AtHMA4 (AtHMA4-C357G) does not; this demon-
strates that the C-terminal region is not essential for this func-
tion. Evidence is presented that AtHMA4 functions as an
eﬄux pump.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Mechanisms are required by all organisms to ensure that
they have an adequate supply of essential nutrients and also
to control accumulation of toxic solutes. Transition metals
can pose a serious problem for plant growth; whereas some
such as Cu, Zn, and Mn are essential micronutrients, othersAbbreviations: ANOVA, analysis of variance; EDTA, ethylenedi-
aminetetraacetic acid; FW, fresh weight; HMA, heavy metal P-type
ATPase; LB, left border; OD, optical density; ORF, open reading
frame; SC, synthetic complete; S.E., standard error; TM, transmem-
brane; wt, wild type
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doi:10.1016/j.febslet.2004.12.040such as Cd and Pb can be toxic to most plants [1]. Indeed, even
the essential micronutrients can have deleterious eﬀects at ele-
vated concentrations, due to their reactive nature [2]. There-
fore, tight control of metal concentrations within narrow
physiological limits is required and various mechanisms have
been implicated depending on the metal and plant species in
question. These include the control of metal uptake by the
roots, the distribution or partitioning to diﬀerent tissues, and
cellular processes controlling the traﬃcking, sequestration
and compartmentalization of metal ions within cells [3]. Mem-
brane transport proteins play important roles in these pro-
cesses and a number of gene families have been identiﬁed
with members functioning in transition metal transport [4,5].
The P1B-type ATPases, also known as the heavy metal ATP-
ases (HMAs), are thought to play an important role in transi-
tion metal transport in plants [4–11]. They are sometimes
referred to as CPx-type ATPases due to the presence of a dis-
tinctive CPx motif in the sixth transmembrane domain; this is
conserved in all members of this sub-family apart from a few
examples where there is an SPC motif (5). HMAs cluster into
two main sub-classes in phylogenetic analysis, referred to as
the Cu/Ag group and the Zn/Co/Cd/Pb group [7,9]. AtHMA4
from Arabidopsis was the ﬁrst plant P1B-type ATPase of the
Zn/Co/Cd/Pb group to be cloned and characterized [7]. AtH-
MA4 confers Cd resistance when heterologously expressed in
a wild-type (wt) strain of S. cerevisiae [7] and it also rescues
the Zn sensitivity of the E. coli zntA mutant [7], suggesting a
role in Cd and Zn transport. These metals also regulate AtH-
MA4 expression in Arabidopsis [7]. Evidence for a role in Zn
nutrition was provided recently when it was shown that an
Arabidopsis hma2 hma4 double mutant showed a phenotype
consistent with Zn deﬁciency and that this phenotype could
be suppressed by adding Zn to the growth medium [11]. This
phenotype was not observed in the single mutants, suggesting
partially redundant functions of AtHMA4 and AtHMA2 [11].
Expression studies using HMA-promoter-GUS constructs
indicated that AtHMA2 and AtHMA4 were predominantly ex-
pressed in the vascular tissues of roots, stems and leaves, and
that AtHMA2 was localized to the plasma membrane [11]. It
therefore appears that AtHMA2 and AtHMA4 may play a
role in the translocation of Zn and may function more specif-
ically in the loading or unloading of Zn in the xylem and in
remobilization of Zn from shoot to root in the phloem [11].
In [11], no altered sensitivity to Zn and Cd was observed for
the single hma4 mutant, although the concentration range over
which these metals were tested was not stated. However, in ablished by Elsevier B.V. All rights reserved.
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mutations increased the sensitivity to low levels of Cd [11]. A
further mutant allele for AtHMA4 (athma4-3) has been iso-
lated here and additional phenotypes in the single hma4 mu-
tants are reported that are consistent with possible
detoxiﬁcation roles for AtHMA4 when metals are supplied
at high concentration. Evidence is presented using heterolo-
gous expression in yeast to show that AtHMA4 functions as
an eﬄux pump conferring both Cd and Zn resistance.2. Materials and methods
2.1. Plant growth
Seeds of wt and transgenic Arabidopsis thaliana, ecotype Columbia
(Col 0) were sterilized in 10% (v/v) bleach for 20 min, rinsed ﬁve times
with sterile water and inoculated onto plates containing half-strength
Murashige and Skoog medium [12] (Sigma, UK), 1.5% w/v Difco tech-
nical agar, 1% w/v sucrose and various metal salts. Seeds were stratiﬁed
at 4 C for 48 h prior to transfer to a controlled environment cabinet
(23 C 16 h light, 18 C 8 h dark) and incubated vertically.
2.2. Isolation of insertional mutants for AtHMA4
Seeds for a T-DNA insertion line for AtHMA4 (168_C10) were
obtained from GABI-kat (http://www.mpiz-koeln.mpg.de/GABI-
Kat/db/). Seeds were sown in soil (1 part Levingtons F5 No. 2: 1 part
John Innes No. 2: 1 part Vermiperl graded horticultural vermiculite,
medium grade) sterilized by autoclaving at 121 C for 15 min at 1 bar
pressure and plants were grown in a controlled-environment cabinet
(22 C 16 h light, 20 C 8 h dark cycle). Genomic DNA was isolated
from the plants using the Dnamite Plant kit for genomic DNA
extraction (Microzone Ltd. Haywards Heath, UK). To genotype
the plants with respect to the T-DNA insert, PCR was carried out
on genomic DNA using a primer for the T-DNA (GK-LB-PCR1
5 0CCCATTTGGACGTGAATGTAGACA) and a gene-speciﬁc
primer (HMA4-F1 5
0AAACGAAGCTAGGTTAGAAGCAAACG).
The PCR conditions were 94 C for 4 min and 36 cycles of: 94 C
for 45 s, 60 C for 45 s, 72 C for 1 min 20 s followed by 72 C
for 7 min. This detected a band of 0.6 kb (the expected size for an
intact left border (LB) junction being 612 bp). In addition, gene-
speciﬁc primers were used to detect plants that also contained a wt
copy of the gene: HMA4-F1 and HMA4R nested 5
0GAGA-
TTTGGTTTTACTGCTCTGAGC. The PCR conditions were 94
C for 4 min and 38 cycles of: 94 C for 45 s, 57 C for 45 s, 72
C for 3 min 10 s followed by 72 C for 7 min. This detected a band
of 2391 bp. Using this method and genotyping by segregation pat-
terns (see below), mutants homozygous for the insert were obtained.
The mutant allele was designated hma4-3. A similar procedure was
carried out to isolate a mutant (N550924) from the SALK collection
(http://signal.salk.edu/) homozygous for the insert using a primer for
the T-DNA (Salk-LBa1 5 0TGGTTCACGTAGTGGGCCATCG) and
the gene-speciﬁc primer HMA4R nested. The PCR conditions were
95 C for 4 min and 38 cycles of: 95 C for 50 s, 57 C for 50 s,
72 C for 1 min 10 s followed by 72 C for 7 min. This produced
a band of 0.75 kb after agarose gel electrophoresis and subsequent
sequencing showed the product to be 745 bp (the expected size for an
intact LB junction being 839 bp). In addition, the gene-speciﬁc prim-
ers HMA4Int2F 5 0GCAGCAGTTGTGTTCCTATTCACC and
HMA4Seq1R 5 0TGAGAGTGTGTCAAGATAATCAGC were used
to detect plants that also contained a wt copy of the gene. The
PCR conditions were 95 C for 4 min and 37 cycles of: 95 C for
50 s, 60 C for 48 s, 72 C for 1 min 20 s followed by 72 C for 7
min. This ampliﬁed a band of 985 bp. Sequencing conﬁrmed both
the original SALK and GABI-Kat predicted T-DNA locations. The
mutant allele was designated hma4-2 and has been described
previously [11].
Segregation patterns were analyzed by germinating progeny seed on
plates containing half-strength Murashige and Skoog salts (Sigma,
UK), 0.8% agar, 2% w/v sucrose plus and minus the antibiotic (11
lg ml1 sulfadiazine for the GABI-KAT line and 50 lg ml1 kanamy-
cin for the SALK line). For both lines, selfed heterozygotes segregated
according to a 3:1 ratio, indicative of a single insert.2.3. Preparation of AtHMA4 constructs and heterologous expression in
yeast
The S. cerevisiae reference strain BY4741 (MATa;his3D1;leu2D0;
met15D0;ura3D0) and the Cd-sensitive ycf1 mutant (MATa;his3D1;
leu2D0;lys2D0;ura3D0;YDR135c::kanMX4) lacking a vacuolar ABC
transporter of glutathione-S conjugates [13] were obtained from Euro-
scarf (Frankfurt, Germany). The zrc1cot1 mutant which is hyper-
sensitive to Zn (MATa;his3D1;leu2D0;met15D0;ura3D0;zrc1::natMX
cot1::kanMX4) was obtained from Dr. U. Kramer (Golm, Germany).
Synthetic complete (SC) medium lacking speciﬁc nutrients was used for
the selection and maintenance of yeast transformed with plasmids [14].
Cloning of the full-length cDNA for AtHMA4 (referred to as AtH-
MA4(Full Length)) into the yeast shuttle vector p426, yeast transforma-
tion and isolation of transformants was described previously [7]. The
truncated version of AtHMA4 lacking the C-terminal region (referred
to as AtHMA4(truncated)) was prepared by amplifying the N-terminal
region of the cDNA using the forward primer HMA4-F-core
(5 0CTCTTCTCCGAAAATGGCGTTAC) and the reverse primer
HMA4-R-core (5 0AGCCCTGTATCACTTTTTGTTCC). The reverse
primer introduces a stop codon. This sequence was initially cloned into
the pGEM-T easy vector and then excised using EcoRI sites and in-
serted into the EcoRI site of p426. The correct orientation of the insert
was conﬁrmed. This gives a 2142 bp truncated AtHMA4 sequence
(from the start ATG codon to the end of the introduced stop codon)
coding for a 713 amino acid protein, which terminates just after the ﬁ-
nal predicted transmembrane domain, eﬀectively removing the C-ter-
minal 459 amino acids. Cloning of AtHMA4(truncated) in p426 and
transformation of yeast was carried out as described previously for
the full-length construct [7]. A mutated version of the full-length AtH-
MA4 sequence (AtHMA4-C357G), in which the initial cysteine of the
CPx motif (C357), was changed to glycine was also transformed into
yeast.
To determine the eﬀect of a range of metal concentrations on the
growth of transformed yeast, the cells were ﬁrst grown in liquid culture
overnight at 30 C in SC without uracil (pH 5.0) and containing 20
g l1 raﬃnose as the carbon source. The cultures were diluted to an
OD600 of 0.8 with the same medium but with galactose (20 g l
1) as
the carbon source and grown for a further 4 h. The cultures were ad-
justed to the same OD600 and aliquots were inoculated onto 2% (w/v)
agar plates containing the SC-uracil medium (pH 4.9) with galactose
and various concentrations of metal supplied as the sulfate salt. Plates
were incubated at 30 C for 3–5 days.2.4. Uptake of labeled Cd and Zn in yeast
Yeast were grown as described above except that they were grown
in SC-uracil, 20 g l1 galactose medium (pH 5.5) for 12 h before har-
vesting. Cultures were centrifuged at 2000 · g for 5 min to pellet the
cells, washed three times in ice-cold glucose/galactose (18/2 g l1)
solution and resuspended to 0.1 g ml1 in the same solution. To
measure uptake, cells were incubated in a glucose/galactose buﬀer
[104 mM glucose, 11.5 mM galactose, 10 mM Mes-NaOH (pH
5.5)] with 10 lM 109Cd-labeled Cd (10 MBq lmol1) or 20 lM
65Zn-labeled Zn (2.275MBq lmol1) at 10 mg ml1. Assays were
conducted at 30 C. Aliquots were removed at appropriate times
and transferred to a glass ﬁber ﬁlter and washed with 3 · 5 ml of
ice-cold wash buﬀer (1 mM EDTA, 1 mM NaCl, 1 mM MgSO4,
1 mM CaCl2, 1 mM KH2PO4, and 20 mM sodium citrate, pH
4.2). Filters were placed in scintillation vials with 5 ml OptiPhase Hi-
Safe scintillation ﬂuid and counted in a scintillation counter (Beck-
man LS 6500). Assays were conducted in duplicate and the whole
experiment was replicated at least three times.2.5. Sequencing
The BigDye method (PE Biosystems, Cheshire, UK), based on the
chain termination method of [15], was used for sequencing using the
Perkin Elmer ABI 337 automated sequencer.2.6. Sequence analysis
The ﬁrst 800 amino acids of AtHMA4 (064474) from Arabidopsis
thaliana were aligned to the CadA sequences from S. aureus
(P20021) and Helicobacter pylori (Q59465) [16–18] using Clustal W
1.82 [19].
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3.1. Arabidopsis thaliana HMA4 T-DNA insertion mutants are
sensitive to elevated levels of Cd and Zn
To explore the physiological relevance of AtHMA4 in Ara-
bidopsis, we sought to identify insertional mutants of the gene
that were likely to be functionally disrupted. A search of pub-
licly available collections of insertion mutants identiﬁed a T-
DNA mutant line (168_C10) for AtHMA4 in the GABI-Kat
database. According to the corresponding annotation, the T-
DNA was located in the third intron, 1.8 kb downstream from
the predicted start codon. As exons 2 and 3 encode the ﬁrst 157
amino acids of the 1172 amino acid residue-long AtHMA4, the
T-DNA insertion is expected to severely impair or knockout
gene function. The mutant allele was designated hma4-3 (Fig.
1). Homozygotes were isolated as described in Section 2. An-
other insertion line likely to impede or considerably disrupt
AtHMA4 function was obtained from the SALK collection
(N550924) and a similar procedure was used to isolate plants
homozygous for the insertion. In this case, the insert was
3436 bp from the start codon (Fig. 1). The mutant allele was
designated hma4-2 and has been described previously [11].
A phenotype consistent with Zn deﬁciency has been demon-
strated in a hma2 hma4 double mutant and this could be sup-
pressed by adding Zn to the growth medium [11]. This together
with their localization to the vascular system suggests that
AtHMA2 and AtHA4 appear to have a primary role in Zn
translocation [11]. In other organisms, related pumps have a
role in preventing accumulation of transition metal ions to
toxic levels (see [4] for a review) and therefore the present study
investigated whether any other metal-sensitive phenotypes
could be observed in the Arabidopsis hma4 single mutants
relating to possible detoxiﬁcation roles. The eﬀect of Cd and
Zn on the wt and hma4 mutants was tested by growing plants
on plates supplemented with these metals. Both mutant lines
were more sensitive to elevated levels of Cd (25 lM) than wt
plants with a signiﬁcant reduction in root and shoot fresh
weight and root length in the mutants (Fig. 2 upper, a and
b). In the absence of added Cd, there was no signiﬁcant diﬀer-
ence between the wt and the mutants. Both mutants were also
more sensitive to the presence of elevated levels of Zn (100–150T-DNA
5′
ATG TAG
3′
hma4-3
1.8 kb 5.0 kb
T-DNA5′ATG  TAG
3′
hma4-2
3.4 kb 3.4 kb
Fig. 1. Position of T-DNA insertions in AtHMA4. The insertion is 1.8
kb downstream of the predicted start codon for the hma4-3 mutant
allele and 3.4 kb downstream for the hma4-2 mutant allele.lM) compared to the wt (Fig. 2 middle panel). Both mutants
showed no marked diﬀerences to wt plants when they were
grown to maturity under normal conditions (Fig. 2, lower pa-
nel, a). The growth and development were similar; the plants
ﬂowered normally, and siliques and seed were produced. A
small but signiﬁcant diﬀerence was observed in the silique
and seed size of the hma4-3 mutant with mutant seed and sil-
iques being slightly smaller than wt (Fig. 2, lower panel c
and d). The number of seeds per silique was not signiﬁcantly
diﬀerent in mutant and wt plants (Fig. 2, lower panel, b). This
diﬀerence in silique and seed size has not been investigated in
the hma4-2 mutant.3.2. AtHMA4 acts as an eﬄux pump conferring Cd resistance to
S. cerevisiae
The function of AtHMA4 was explored further following
heterologous expression in yeast. It has previously been shown
that AtHMA3, another family member, has no eﬀect on Cd
resistance in the wt strain but does make the ycf1 mutant more
Cd resistant [10]. The ycf1 mutant lacks the functional ABC
MRP transporter, YCF1 (yeast cadmium factor 1), that is
responsible for the transport of glutathione conjugates [13].
In contrast, AtHMA4 confers Cd resistance when expressed
in wt yeast (7, Fig. 3). As seen in Fig. 3, the growth of vector
control transformants is abolished at around 40 lM Cd,
whereas the AtHMA4 transformants continue to grow at this
concentration. The ycf1 mutant showed increased Cd sensitiv-
ity compared to wt cells (Fig. 3, [20]). AtHMA4 also conferred
resistance in this background compared to vector transformed
controls (Fig. 3), resulting in functional complementation;
however this was not interpreted as speciﬁc complementation
of the ycf1 mutation as AtHMA4 also alleviates the Cd sensi-
tivity of wt yeast.
The resistance to Cd conferred by AtHMA4 could be due to
it sequestering Cd into an internal compartment such as the
vacuole where it is less toxic. Such a role has been proposed
for AtHMA3 [10]. Alternatively, AtHMA4 could function as
an eﬄux pump, transporting Cd out of the cell. To investigate
these alternatives, the uptake of Cd in AtHMA4 transformants
compared to vector-transformed yeast was monitored using
radioactive tracers. Time-dependent uptake of Cd was ob-
served for vector-transformed yeast (Fig. 4, upper). Uptake
was virtually abolished when cells were incubated on ice, indi-
cating that the wash solution was eﬀective in removing bound
ions from the yeast cell wall and that the values shown pre-
dominantly represent net uptake into yeast. Lower accumula-
tion levels of Cd were observed in AtHMA4-transformants
compared to vector-transformed controls over the 30 min time
course. One time point was chosen (12 min) to perform a great-
er number of replicated experiments. In this case, a small but
signiﬁcant diﬀerence was observed with the rate of uptake of
Cd being lower in AtHMA4 transformants than the vector
controls (Fig. 4, lower). This is consistent with AtHMA4 func-
tioning as an eﬄux transporter serving to expel the Cd taken
up by the yeast cell.
A mutated version of the full-length AtHMA4 sequence
(AtHMA4-C357G), in which the ﬁrst cysteine of the CPC mo-
tif (a critical motif for transport; reviewed in [24]) was changed
to glycine, was also transformed into yeast. This mutant form
did not rescue Cd-sensitivity of the wt yeast (Fig. 5) nor the
ycf1 mutant (results not shown). A truncated version of the
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acids. Alignment of AtHMA4 with CadA proteins from S.
aureus (P20021) and H. pylori (Q59465) for which there are
experimental data indicating the locations of 8 TM domains
[16–18] is shown in Fig. 6 and the ﬁnal amino acid of the trun-cated AtHMA4 sequence (AtHMA4(truncated)) is indicated.
Whereas the vector-transformed yeast were susceptible to
increasing concentrations of Cd, both AtHMA4(Full Length)
and AtHMA4(truncated) transformants showed resistance to
Cd, indicating that the C-terminus is not an absolute require-
Fig. 3. AtHMA4 confers Cd resistance in wt S. cerevisiae and in the
ycf1 mutant. Plates containing a range of CdSO4 concentrations were
streaked with S. cerevisiae BY4741 transformed with p426 (WT),
BY4741 with p426 containing AtHMA4 cDNA (WT AtHMA4), ycf1
mutant with p426 (ycf1 vector control), ycf1 with p426 containing
AtHMA4 cDNA (ycf1 AtHMA4). Plates were incubated at 30 C for
72 h. A representative plate (from three) is shown for each concen-
tration and the experiment was carried out twice with similar results.
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cated version of the pump conferred greater resistance than
the full-length version at higher Cd concentrations as indicated
in Fig. 5. AtHMA4(Full Length) and AtHMA4(truncated) also con-
ferred Cd resistance in the ycf1 background (results not
shown).
3.3. Evidence that AtHMA4 transports Zn
Evidence for a role in Zn transport is seen in Fig. 4. A lower
accumulation level of radiolabeled Zn was observed in the
yeast transformed with AtHMA4 compared to vector controls.
The zrc1 cot1 yeast mutant is hypersensitive to Zn [21]. As seen
in Fig. 7, growth of this mutant transformed with only the vec-
tor is abolished at 300 lM Zn. However, both AtHMA4(Full
Length) and AtHMA4(truncated) transformants conferred resis-
tance to Zn at this concentration. The CPC-mutated version
of the full-length AtHMA4 sequence (AtHMA4-C357G) did
not rescue the Zn-sensitivity of the zrc1 cot1 mutant. At higher
Zn concentrations (400 and 500 lM Zn), the truncated version
of the pump was more eﬀective than the full-length version in
conferring Zn resistance.Fig. 2. Phenotypic comparison of Arabidopsis hma4 mutants and wt (HMA
ANOVA, * indicates signiﬁcant diﬀerences between wt and hma4 mutant seed
hma4mutant seedlings (hma4-2 and hma4-3). Plants were grown on plates ±25
2 compared to wt. (b) Left panel, hma4-3 shoot and root fresh weights FW
shoot and root FW (n = 60) and root lengths (n = 27) compared to wt. Middle
or 150 lM ZnSO4. Left panel, hma4-3 shoot and root fresh weights (FW) (n =
(DW) (n = 12) compared to wt. Lower: Analysis of hma4-3 plants (hma4-3)
weeks; (b) numbers of seeds per silique; (c) seed length; (d) length of mature
environment cabinet, seeds and siliques were analyzed from 20 wt and 20 hm
between wt and hma4-3 plants, n = 100 (seed length), n = 60 (silique length a
b4. Discussion
Recently, it was shown that Arabidopsis hma2 hma4 double
mutants displayed a Zn-deﬁciency phenotype and that the
HMA4 and HMA2 promoters direct expression of the reporter
GUS mainly to the vascular tissues [11]. It was suggested that
AtHMA4 and AtHMA2 have a role in Zn nutrition and may
be involved in loading Zn into the xylem for long distance
transport to the shoots. In addition to contributing to Zn
nutrition, data presented here suggest that AtHMA4 also
serves an important role in metal detoxiﬁcation when the
external concentration of metal cation is elevated. Growth is
inhibited more severely in the Arabidopsis hma4 mutants com-
pared to wt at elevated Cd (25 lM) and Zn (100–150 lM).
Previously, Cd sensitivity was only observed in a phytochela-
tin-mutant background [11]. The Cd- and Zn-sensitive pheno-
type at elevated metal concentration is to be expected if
AtHMA4 contributes to exclusion of these cations from sensi-
tive cells, for example by acting as an eﬄux pump at the plas-
ma membrane (see later discussion).
In Arabidopsis, the exact cellular localization of AtHMA4 in
the root is not known and thus it will be important to localize
the AtHMA4 gene product in planta both under normal supply
of metals and at elevated levels (since it is possible that the
expression pattern may change). The At HMA4 promoter di-
rects expression of the reporter gene GUS mainly to vascular
tissues [11]. It is possible that at normal metal levels AtHMA4
is found in the xylem parenchyma, cells responsible for loading
the xylem with ions. Under these conditions, AtHMA4 would
serve in the loading of Zn into the xylem for long distance
transport to the shoot. This is consistent with the Zn-deﬁciency
phenotype reported in the hma2 hma4 double mutant as insuf-
ﬁcient Zn would reach the shoot at low external Zn concentra-
tions [11]. The Zn or Cd resistance conferred by AtHMA4 at
elevated Zn or Cd concentrations, respectively, could result
from increased expression of AtHMA4 in these cells serving
to load more Zn into the xylem for export to the shoot where
it may be less toxic; alternatively, AtHMA4 could be induced
in other cells at these higher metal levels such as the epidermal
cells and in this case it would serve in the removal of Zn or Cd
from the root, resulting in increased metal resistance. Previ-
ously, we showed that AtHMA4 expression increased in roots
at elevated concentrations of Zn [7], but the cells in which this
took place have yet to be resolved. The concentration of Zn
and Cd in roots and shoots of the seedlings grown in this study
is not known. However, a recent study [22] in which elevated
levels of Cd (30 lM) and Zn (100 lM) were supplied for 24
h to hydroponically grown mature plants of a hma4
mutant (Wassiliewskija ecotype) showed a signiﬁcant accu-
mulation of both metals in the roots and a signiﬁcant reduc-
tion in the shoots for Cd compared to wt plants. Therefore,4). Plants were grown on plates for 10–16 d. Data are means ± S.E.
lings for a particular growth condition (P < 0.05). Upper: Cd eﬀect on
lMCdSO4. (a) Left panel, hma4-3 compared to wt; right panel, hma4-
(n = 20) and root lengths (n = 25) compared to wt; right panel, hma4-2
: Zn eﬀect on hma4mutant seedlings. Plants were grown on plates ±100
20) compared to wt; right panel, hma4-2 seedling FW and dry weights
at maturity. (a) comparison of the gross morphology of plants at 10
siliques. Plants were grown in a 16/8 h light/dark cycle in a controlled-
a4-3 plants. Students t test, * indicate signiﬁcant diﬀerences (P < 0.05)
nd seeds per silique).
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Fig. 4. Uptake of Zn and Cd in AtHMA4-transformed yeast. Upper: Time course for the uptake of radiolabeled Cd (109Cd) and Zn (65Zn) in
p426AtHMA4-transformed BY4741 yeast (m), vector control-transformed BY4741 (j) and vector control-transformed BY4741 on ice (d). Results
shown are means ± S.E. of four (Zn) and three (Cd) replicated experiments. Lower: Uptake rate of radiolabeled Cd (109Cd) and Zn (65Zn) for
p426AtHM4-transformed BY4741 yeast (AtHMA4) and vector control-transformed BY4741 (vector); data are means ± S.E. of seven (Zn) and six
(Cd) replicated experiments. Students t test, * indicates signiﬁcant diﬀerence between the vector-transformed controls and the p426AtHMA4
transformants (P < 0.05).
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Fig. 2 could result from an accumulation of metals in the
roots.Fig. 5. The full-length and C-terminal truncated versions of AtHMA4 both
AtHMA4 (AtHMA4-C357G) does not. Plates (±80 or 120 lM CdSO4) were
transformed with p426AtHMA4(Full Length) (AtHMA4 FL), p426AtHMA4
(AtHMA4-C357G). Plates were incubated at 30 C for 72 h. A representativ
was carried out twice with similar results.Support for AtHMA4 functioning as an eﬄux pump comes
from the experiments carried out here in yeast. AtHMA4 con-
fers Cd resistance both to wt yeast and the ycf1 mutant and Znconfer Cd resistance to S. cerevisiae, whereas the CPx-mutated form of
streaked with BY4741 transformed with p426 (vector control), BY4741
(truncated) (AtHMA4 trunc) or p426 CPx-mutated form of AtHMA4
e plate (from two) is shown for each concentration and the experiment
Fig. 6. Alignment of AtHMA4 (064474) from Arabidopsis thaliana with CadA proteins from S. aureus (P20021) and H. pylori (Q59465) for which
there are experimental data indicating the locations of 8 TM domains. Dark gray, TMs determined from PhoA and LacZ fusions and structure
predictions [18]. Light gray, TMs determined by PhoA fusions [16]. Bold, TMs determined by comparisons with fusions and by positive-inside rule
[17]. Boxed, Swissprot prediction of AtHMA4 TMs. Swissprot predicts a short 6th TM and comparison with the two analogous CadA TMs suggests
that those amino acids indicated by italics may also be included in this TM. Relative locations of the T-DNA insertions for the Arabidopsis
insertional mutants hma4-3 and hma4-2 are indicated (.) and the ﬁnal amino acid of the truncated AtHMA4 sequence is shown by an arrow (›).
Multiple CC pairs and the poly H tract in AtHMA4 are underlined. Asterisks beneath the alignment indicate conserved residues, colons indicate
conserved substitutions, and dots indicate semi-conserved substitutions. Bold asterisks indicate the conserved CPC motif in TM 6.
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Fig. 7. The Zn-sensitivity of the zrc1 cot1 yeast mutant is alleviated by expression of AtHMA4 and to a greater extent by expression of the truncated
form of the pump, while no resistance is conferred by the CPC-mutated form of AtHMA4 (AtHMA4-C357G). Plates (±ZnSO4) were streaked with
BY4741 transformed with p426 (WT vector control), zrc1 cot1 transformed with p426 (zrc1 cot1 vector control), zrc1 cot1 transformed with
p426AtHMA4(Full Length) (zrc1 cot1 AtHMA4 FL), p426AtHMA4(truncated) (zrc1 cot1 AtHMA4 trunc) or p426 CPx-mutated form of AtHMA4 (zrc1
cot1 AtHMA4 C357G). Plates were incubated at 30 C for 72 h.
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MA4 confers Cd and Zn resistance to yeast was addressed by
comparing the accumulation of radiolabeled metals in AtH-
MA4 transformants and vector controls. AtHMA4 could func-
tion in pumping Cd and Zn out of the cell or by sequestering it
into an internal compartment such as the vacuole. If AtHMA4
were acting as a metal-eﬄux pump, a reduction in metal accu-
mulation would be expected compared to the controls; if it
were sequestering the metal into an internal compartment, a
reduction in accumulation would not necessarily be expected.
A small but signiﬁcant reduction was observed, thus support-
ing a role for AtHMA4 as an eﬄux pump. This result suggests
that the resistance conferred on yeast by AtHMA4 (in growth
experiments) could be due to it functioning as an eﬄux pump
at the plasma membrane, resulting in the observed reduction in
Cd and Zn accumulation over time. It could be argued that
AtHMA4 was reducing inﬂux of metal into the cytoplasm by
exporting a chelator such as an organic acid; however, this is
not consistent with the functioning of these types of transport-
ers which in general have been shown to function in metal
transport and typically in eﬄux from the cytoplasm [4].
AtHMA3, another member of this sub-group of HMAs in
Arabidopsis, has also been expressed in yeast [10] but in this
case it increased Cd resistance only in the ycf1 mutant and
not the wt yeast. In contrast, AtHMA4 expression increased
Cd resistance of both. This diﬀerence is probably explained
by the localization of AtHMA3 and AtHMA4 when expressed
in yeast. Our results are consistent with AtHMA4 operating as
a Cd eﬄux pump at the plasma membrane (thus increasing
resistance to wt and ycf1 mutants), whereas GFP-tagged AtH-
MA3 was localized to the vacuole and was proposed to func-
tion in vacuolar sequestration of Cd (thus increasing
resistance only in the ycf1 mutant). Localization experiments
for AtHMA4 in yeast are required to conﬁrm this.
AtHMA4 has an extended C-terminus (472 amino acids),
which has a number of potential metal-binding motifs (thirteen
cysteine pairs and an eleven histidine stretch). A recent report
showed that expression of only the extended C-terminus ofAtHMA4 (AtHMA4-C) or TcHMA4 (TcHMA4-C) could
confer Cd resistance to yeast [23]. TcHMA4-C was localized
in the cytosol of yeast cells. Data presented here are important
in showing that a truncated version of AtHMA4, lacking the
459 C-terminal residues, was as eﬀective (if not more so) as
the full-length AtHMA4 at conferring Cd and Zn resistance
to yeast, while the full-length AtHMA4 with a mutation in
the conserved CPx motif (the ﬁrst cysteine of the critical
CPC motif in the putative sixth transmembrane domain was
mutated to glycine) does not confer resistance, even though
it still retains the C-terminus. These observations could be ex-
plained as follows: when the C-terminus alone is expressed in
yeast, it localizes in the cytosol and here it is very eﬀective at
binding Cd. When the full-length construct or the truncated
version is expressed in yeast, they localize to the plasma mem-
brane and confer resistance by pumping Cd from the cell. The
mutated version may localize to the plasma membrane but it
does not transport Cd and therefore does not confer resistance.
The function of the C-terminus in the full-length version is not
clear but it could have a regulatory role. This will require fur-
ther investigation but importantly we show here that the C-ter-
minus is not an absolute requirement for conferring Cd or Zn
resistance to yeast and that the Cd resistance observed is not
simply due to binding at the C-terminal region. Further work
using GFP constructs of the various versions of the pump will
help clarify whether these proposals are correct.
As mentioned above, the exact role of the C-terminal exten-
sion in AtHMA4 is not clear and it is interesting that AtH-
MA3 only has a short C-terminal region (62 amino acids)
with only two cysteine pairs and no histidine stretch. AtH-
MA2, the most closely related HMA to AtHMA4 in Arabidop-
sis [7,24], is intermediate in this respect in that the C-terminal
extension is 269 amino acids long and it has a three histidine
stretch and six cysteine pairs at the C-terminus. AtHMA1 is
also in this group but is less related and contains a histidine-
rich region at the N-terminus rather than in the C-terminal re-
gion. Studies with ZntA from E. coli show that its cysteine-rich
amino-terminal domain is not essential for function or for con-
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gested that its role may be to increase the overall catalytic rate
by increasing the rate of metal-ion binding to the transporter
[25]. The N-terminal metal-binding domain of the Cd2+-ATP-
ase of Listeria monocytogenes is suggested to protect the mem-
branous CPC Cd2+-transport site [26]. We found that the
truncated version of the pump was able to confer resistance
to yeast at slightly higher concentrations of Cd and Zn than
the full-length version and it could be that the C-terminus
has a regulatory function. However, more detailed kinetic
studies are required to elucidate the function of the C-terminal
extension in AtHMA4.
Several pieces of data support a role forAtHMA4 in the trans-
port of Zn, and thus in Zn nutrition. This includes the Zn-deﬁ-
ciency phenotype reported previously for the Arabidopsis
hma2 hma4doublemutants [11] togetherwith the ability ofAtH-
MA4 to rescue the Zn-sensitive phenotype of the E. coli znta
mutant [7]. Here, we show that: (a) AtHMA4 can rescue the
Zn-sensitivity of the yeast zrc1 cot1 double mutant; (b) that
radioisotope uptake studies in yeast supported a Zn eﬄux role
as AtHMA4 transformants accumulated less Zn than vector
controls and (c) that AtHMA4 is important in alleviating inhib-
itory eﬀects of high Zn concentrations on growth ofArabidopsis.
We suggest a model in which AtHMA4 has a dual function in
the plant. At low to normal Zn levels, its main function is to ac-
tively pump Zn from the root symplast into the xylem, which is
a prerequisite for supplying this essential micronutrient to the
shoot [11]; at high levels of Cd and Zn (where they could be
toxic), AtHMA4 could serve a beneﬁcial role in exporting them
from the root either to the shoot or into the soil solution. Sup-
port for this model will need to come from an examination of
the cellular localization of the AtHMA4 protein in the root
at low and high metal concentrations together with the determi-
nation of transition metal levels in the various root cell types.Acknowledgments: This work was supported by EU (Metallophytes,
QLRT-2001-02894), BBSRC (51/P11527), BBSRC (51/P17217) and
the Royal Society. We gratefully acknowledge the kind gift of the
zrc1 cot1 double m utant from Dr. Ute Kramer (Golm, Germany).
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